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CD34
+ hematopoietic stem and progenitor cells are used to promote bone marrow reconstitution following cancer treatment and may offer a novel treatment for other indications. Leukapheresis of mobilized peripheral blood (mPB) is a common source of CD34 + cells. Depending on the application, it may be desired to purify the CD34 + cells in the leukapheresis product via immunomagnetic selection. Prior to selection, the leukapheresis product must be washed to remove platelets and unbound paramagnetic beads. When performed manually, these processing steps are time-consuming and operator intensive. This study evaluated the LOVO Cell Processing System (LOVO), a commercially available instrument utilizing spinning membrane filtration, as an automated alternative for preparing mPB leukapheresis products for CD34 + cell selection. The LOVO removed >90% of platelets prior to bead incubation and substantially reduced pre-selection processing time compared to a manual approach. Products prepared using the LOVO had an average 76.2 ± 2.9 % CD34 + cell recovery and 4.72 ± 0.41 log T cell reduction following selection. 
AUTOMATION OF CELL & GENE THERAPY MANUFACTURING: FROM VEIN TO VEIN
CD34
+ hematopoietic stem and progenitor cells (HSPCs) are often used to promote bone marrow reconstitution following ablative therapy for certain cancers. Due to concerns over T-cell-dependent graft-versus-host disease [1] and B-cell mediated Epstein-Barr virus-related lymphoproliferative disorders following allogeneic transplant [2] , as well as the risk of malignant cells in autologous DOI: 10.18609/cgti.2017.059 leukapheresis products [3] , CD34 + cells may be purified prior to infusion. CD34 + cells have also been evaluated as novel cell therapy treatments for sickle cell disease [4] , β-thalassemia [5] , critical limb ischemia [6] and HIV [7] , among others. Manufacturing of these therapies commonly involves immunomagnetic selection of CD34 + cells as an initial processing step.
HSPCs may be collected from granulocyte colony stimulating factor (G-CSF)-mobilized peripheral blood through an apheresis procedure [8] . Following the leukapheresis collection, the CliniMACS Plus instrument (Miltenyi) may be used for automated selection of CD34 + cells [9] . Prior to processing on the CliniMACS Plus, the leukapheresis product must be prepared for selection. This process involves platelet (PLT) reduction and suspension in a selection buffer, followed by incubation with 50-nm, super-paramagnetic iron-dextran beads coated with CD34 antibody. After incubation, a wash is performed to remove excess, unbound beads. Automated processing on the CliniMACS Plus passes the cells over a column in the presence of a magnetic field, resulting in the retention of bead-labeled, CD34 + cells and the flow-through of unlabeled cells. The purified CD34 + cell fraction is then eluted from the column. More recently, the Clini-MACS Prodigy (Prodigy; Miltenyi) has become available for automated, closed-system, combined preparation (washes, reagent incubation) and CD34 + cell selection of mPB leukapheresis products. The Prodigy's integrated centrifuge chamber is used to perform wash steps.
The manual preparation process for CliniMACS Plus selection involves repeated centrifugation, supernatant depletion, wash buffer addition, and cell resuspension steps, as well as many welding and sealing steps to connect and remove waste and buffer bags. These steps require significant operator interaction and careful monitoring (i.e., to ensure white cells are not removed during supernatant removal with a plasma extractor) and are time-consuming. Spohn + cell recovery (72.6 vs 63%) in a multi-center study [9] . Data from one center showed that Cobe 2991 processing resulted in ~65% PLT removal, leading the authors to postulate that higher PLT removal, compared to published studies with manual centrifugation prior to selection, may have been responsible for the higher CD34 + cell recovery. The LOVO Cell Processing System (LOVO; Fresenius Kabi) is designed for automated white cell processing and supports closed-system processing through the use of a sterilized, single-use, disposable kit. Unlike centrifugation-based devices, the LOVO uses spinning membrane filtration to separate cells and supernatant. Filtration occurs in the LOVO kit's spinning membrane module (spinner), which consists of an outer housing and an inner rotor wrapped with a 4-µm-pore, polycarbonate membrane. As a suspension flows through the space between the spinner's outer housing and inner rotor, supernatant and cells <4 µm pass through the membrane pores and exit through the filtrate port, while cells >4 µm are retained and exit through a separate, retentate port (Figure 1 ). Being 2-3 µm in diameter on average [16] , PLTs are able to pass through the 4-µm pores of the spinner's membrane. Each pass of the cell suspension through the spinner constitutes a 'wash cycle', which is one of several customizable LOVO parameters. A set of pre-configured parameters can be saved as a protocol on the instrument and easily accessed for use.
Motivated by studies suggesting that higher PLT removal from leukapheresis products results in better post-selection CD34 + cell recovery and CD34
+ cell fraction purity, as well as data showing the LOVO system's ability to deplete PLTs [17] , this study evaluated the LOVO for automating the washing steps involved in the preparation of mPB leukapheresis products for Clini-MACS Plus CD34 + cell selection.
METHODS
Leukapheresis procedures were performed on G-CSF-mobilized, healthy donors using either the COBE Spectra Apheresis System (Terumo) or Spectra Optia Apheresis System CMNC (Terumo). Leukapheresis products were shipped overnight from the collection site to the manufacturing site in an insulated shipper (1-10°C; NanoCool). Prior to processing, the leukapheresis products were brought to room temperature and transferred from the original collection bag to a 600-mL transfer pack through a 150-µm filter. Filtration is not required prior to LOVO processing, but was performed to match a previously established protocol. The filtered product was sampled immediately prior to processing on the LOVO and the time of sampling was used to calculate the elapsed time between the end of the leukapheresis collection and the start of processing. An XP-300 hematology analyzer (Sysmex) was used to determine white blood cell (WBC) and PLT concentrations, as well as hematocrit (HCT) %, which was calculated as "Hemoglobin (Hb) Table  1 . LOVO procedure setup involved operator entry of the leukapheresis product volume and WBC concentration, HCT % and PLT concentration, as well as the desired final product volume. Based on this information, the instrument displayed an estimated volume of wash solution (PBS/EDTA/HSA buffer) required for the procedure. As CliniMACS PBS/EDTA buffer is available in 1-L bags, 1 L of PBS/EDTA/HSA buffer was prepared for convenience, despite the fact that 1 L was often substantially more buffer than the estimated required volume. The LOVO Cell Processing Disposable Kit (Fresenius Kabi) was installed on to the instrument, and the standard retentate (final product) bag was replaced with a 600-mL transfer pack via sterile tubing welding. A spike transfer set was used to add a tubing lead to a 1-L PBS/EDTA/HSA buffer bag for connection to the LOVO kit via sterile tubing welding. If more than one bag of wash solution was prepared, a Y-type connector set with spikes was used to connect two bags. The PBS/EDTA/HSA buffer and leukapheresis product were attached to the LOVO kit via sterile tubing welding, and the operator began the f FIGURE 1
LOVO Cell Processing System spinning membrane module (spinner) separates a suspension of cells and supernatant into a retentate stream (cells >4 µm) and a filtrate stream (supernatant, cells <4 µm).
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Retentate Cells >4 µm Filtrate Supernatant, cells < 4 µm LOVO procedure. The LOVO protocol was configured with mid-procedure automated pauses to allow the operator to mix the leukapheresis and LOVO kit In-Process bags to enhance rinse steps or mix cells with wash solution. At the end of LOVO Wash 1, the LOVO screen displayed a weight-based assessment of the final product volume and the total automated procedure time, which were recorded by the operator. This time represented the duration of all automated portions of the procedure, including kit check and wash buffer prime prior to the start of cell processing. The final product bag was sealed off from the LOVO kit, transferred to a biosafety cabinet, and sampled for hematology analyzer counts and flow cytometry analysis. One vial of CliniMACS CD34 Reagent (Miltenyi) was then injected into the product. The cells were incubated with the reagent for 30 minutes at room temperature on an orbital shaker.
During the incubation period, the kit from the LOVO Wash 1 procedure was removed from the instrument. The LOVO Wash 2 procedure, which was designed to remove unbound reagent (50-nm paramagnetic beads) and resuspend cells in fresh PBS/EDTA/HSA buffer, was set up using post-LOVOWash-1 measured WBC and PLT concentrations and HCT %. Key procedure parameters for the LOVO Wash 2 protocol are shown in Table  1 . A new LOVO kit was installed and the standard retentate bag was replaced with a 600-mL transfer pack. One liter of PBS/EDTA/HSA buffer was attached, except in one run where the estimated wash buffer was 952 mL and 1200 mL (~25% excess) was attached. As soon as the reagent incubation was complete, the labeled product was attached to the LOVO kit via sterile welding. Automated pauses were also used in the LOVO Wash 2 procedure. At the end of LOVO Wash 2, the final product volume and total automated procedure time were recorded from the LOVO display. The final product bag was sealed off from the LOVO kit and sampled for hematology analyzer counts.
For CD34 + cell selection, the LOVO Wash 2 final product bag was attached to a CliniMACS Tubing Set LS (Miltenyi) via the standard pre-system filter (Pall) in a biosafety cabinet. The LS tubing set was chosen based on a study showing higher CD34
+ cell recovery, compared to the TS tubing set [19] . The tubing set was installed on a Clini-MACS Plus Instrument (Miltenyi) and Program 2 was initiated. Following selection, the cell collection bag (positive fraction) was sampled for hematology analyzer counts and flow cytometry analysis.
STATISTICAL ANALYSIS
Results are expressed as mean ± 1 standard deviation (SD).
Data & results
An average of 17.6 ± 0.6 hours elapsed between the end of the leukapheresis collection and the start of f (Table 2) . During setup for each LOVO procedure, the WBC and PLT concentrations, as well as HCT %, were entered into the system by the operator. Using assumed cell volumes of 400 fL and 8 fL for a WBC and PLT, respectively, the LOVO calculated the Packed Cell Volume (PCV) % for the WBC and PLT components, then summed these percentages with the HCT % to calculate a total PCV % for each leukapheresis product. The leukapheresis PCV % was used to determine the amount of AutoDilution to be performed during the LOVO procedure. AutoDilution is the automated addition of wash solution to the cell suspension just upstream of the spinner inlet in order to dilute the cell suspension to the maximum spinner inlet PCV % parameter, which is an integral setting in the LOVO protocol. AutoDilution avoids the overloading of cells in the spinner, thereby avoiding fouling of the membrane, and allows a single LOVO procedure to easily adapt to changes in the starting leukapheresis material cell content. The amount of wash solution to be used during AutoDilution was included in the total estimated wash solution required for the procedure that was displayed to the operator during LOVO procedure setup.
The LOVO Wash 1 protocol was designed to deplete PLTs and plasma from the starting leukapheresis product and resuspend the cells in selection buffer at a smaller, specified volume in preparation for reagent incubation. LOVO Wash 1 data is shown in Table 3 . In Run 1 and 2 of the LOVO Wash 1 procedures, a 95-mL final product volume was targeted, whereas 105 mL was targeted in Run 3 to accommodate for a planned increased sampling volume. Other than in Run 2, where the LOVO produced a final product volume 3 mL larger than the targeted final product volume, the LOVO generated the final product volume specified during procedure setup. LOVO Wash 1 automated processing, the sum of all automated steps from the kit check through to the end of the procedure, took an average of 24.1 ± 1.9 minutes. WBC recovery and CD34 + cell recovery averaged 91.2 ± 5.7% and 90.9 ± 1.2%, respectively, and PLT reduction averaged 92 ± 3.4%, resulting in 53 ± 19 x 10 9 PLTs remaining in the product prior to incubation with CD34 f Reagent. An average of 642 ± 184 mL of PBS/EDTA/HSA buffer was required for the procedure. LOVO Wash 2 data is shown in Table 4 . For LOVO Wash 2, the calculated PCV % for each leukapheresis product was higher than for LOVO Wash 1, owing to the smaller leukapheresis product volumes and thereby higher cell concentrations. 824 ± 90 mL of PBS/ EDTA/HSA buffer was required for the procedure. In all three runs, the actual final product volume matched the targeted final product volume of 275 mL. Average automated processing time was 17.6 ± 0.9 minutes and average WBC recovery and PLT depletion were 101.1 ± 6.2% and 96.4 ± 3.9%, respectively. The >100% WBC recovery in Run 1 can likely be attributed to a non-representative sample taken after LOVO Wash 1, where WBC recovery was calculated to be only 84.6%. Flow cytometry was not performed on the Post-LOVOWash-2 product, therefore CD34 + cell recovery for Wash 2 alone could not be calculated. Cumulative WBC recovery and PLT depletion through both LOVO Wash 1 and Wash 2 procedures averaged 91.9 ± 2.2% and 99.8 ± 0.0%, respectively.
The data for the CliniMACS Plus selection of CD34 + cells is shown in Table 5 . CD34
+ cell viability and purity averaged 99.8 ± 0.1% and 93 ± 1.0%, respectively. Flow cytometry was not performed on the Post-LOVO-Wash-2 product, therefore recovery of CD34 + cells sent to the CliniMACS Plus was not calculated. Cumulative CD34 + cell f The post-Wash 2 PLT count for Run 2 was below the hematology analyzer's limit of detection and was therefore assumed to be 0, resulting in a calculated PLT depletion of 100%. 
DISCUSSION
The LOVO Cell Processing System uses spinning membrane filtration to remove supernatant and cells or particles <4 µm in size from mixed cell suspensions, such as leukapheresis products. This study evaluated the LOVO for performing the wash steps that occur prior to CD34 + cell immunomagnetic selection of mPB leukapheresis products from healthy donors. After overnight shipment, each product was processed using the LOVO Wash 1 protocol to remove PLTs and suspend cells in PBS/EDTA/HSA buffer at the appropriate volume for labeling. The washed product was removed from the LOVO, incubated with anti-CD34 paramagnetic beads, then processed using the LOVO Wash 2 protocol to remove excess, unbound beads and suspend cells in PBS/ EDTA/HSA buffer at the appropriate volume for selection on the CliniMACS Plus. The results are summarized in Figure 2 .
During each LOVO procedure setup, the operator enters the desired final product volume. The total packed cell volume (PCV) of each starting leukapheresis product, calculated from the operator-entered WBC, RBC, and PLT concentrations, determines the minimum final product volume that can be produced. In Wash 1 Run 1, the actual minimum achievable final product volume was 98 mL, 3 mL higher than the operator-entered desired final product volume of 95 mL. In all runs, RBC content in the leukapheresis product was determined by a hematology analyzer. Due to the analyzer's linear range of hemoglobin (Hb) extending to lower values than the linear range of HCT %, HCT % was calculated as "Hb x 3" [18] rather than using the HCT % readout from the analyzer. However, hematology analyzers can report falsely high hemoglobin levels for samples with high (> 5 x 10 4 /µL) WBC concentrations [20] . For comparison, in this study the average WBC concentration in the unmanipulated mPB leukapheresis product was 14.1 ± 0.5 x 10 4 /µL. Hematology analyzers also f overestimate HCT % in products with high WBC concentrations, particularly when the HCT % is low (0.5-3%) [21] . When the RBC content is inflated, the Packed Cell Volume (PCV) calculated by the LOVO is also inflated, meaning that more wash buffer than necessary will be used to dilute the cell suspension prior to entering the spinning membrane module (AutoDilution). This, in turn, increases the minimum achievable final product volume for the LOVO procedure.
Since completing this study, additional LOVO runs were performed where the HCT % of the leukapheresis was determined by centrifuging a sample of the product in a capillary tube, then reading the HCT % with a microhematocrit reader disk [22] . The microhematocrit method typically resulted in a smaller HCT % compared to a hematology analyzer measurement for the same sample (data not shown). LOVO runs performed after entry of a microhematocrit-based HCT %, rather than a hematology-analyzer based HCT %, for RBC content have shown similar WBC recovery and PLT removal to that observed in this study [Data not shown]. Use of the HCT % from the microhematocrit method decreases the calculated PCV of the leukapheresis product, which in turn decreases the calculated LOVO minimum achievable final product volume. In addition, the microhematocrit method avoids processing an undiluted leukapheresis sample on a hematology analyzer, which may be required to ensure that the RBC concentration will be above the analyzer's lower limit of detection, but which can also clog the analyzer's aperture.
The average automated processing times for Wash 1 and 2 were 24.1 ± 1.9 and 17.6 ± 0.9 minutes, respectively. Four automated pauses were built into each LOVO protocol to allow for mixing of bags to enhance rinse steps or mix cells with wash solution. Each pause requires <30 seconds of operator interaction with the instrument, meaning that the total processing time is increased by ~2 minutes when pauses are accounted for. Before beginning each procedure, the operator enters information about the starting f FIGURE 2 leukapheresis product (volume and cell concentrations) as well as the targeted final product volume. The operator then modifies (if desired) and installs the LOVO disposable kit. The LOVO kit includes a standard, 800-mL final product bag, but because reagent incubation is typically performed in a 600-mL transfer pack, that bag was used to replace the standard final product bag in this study. The LOVO captures the empty weight of all installed bags, meaning that the final product volume displayed at the end of the procedure is accurate, even if a standard bag had been replaced. Finally, the wash solution and leukapheresis are attached. Conservative time estimates for these steps are shown in Table 6 . In total, including a 45-minute estimate for reagent addition and incubation, the pre-selection process utilizing the LOVO requires ~2 hours, which is 2 hours less than the manual process [10, 23] . The CliniMACS Plus operates for ~45 minutes to 1 hour [10,23], with prior setup of tubing and priming adding ~30 minutes [10] . If the CliniMACS Plus setup begins after the LOVO Wash 2 ends, the total processing time through to the end of CliniMACS plus selection is ~3.5 hours. If CliniMACS Plus setup can be performed ahead of time, the total processing time could be reduced to ~3 hours. In comparison, the Prodigy procedure for CD34 + cell selection, including tubing set installation, is ~5 hours [10, 23] .
Several studies have demonstrated that reduction of the PLT content in the leukapheresis product during pre-processing steps results in improved CD34 + cell immunomagnetic selection. Stroncek et al. measured PLTs in the CliniMACS Plus and Prodigy negative fractions as a way to approximate the PLT content prior to CD34 + cell election on each instrument. The Prodigy had higher PLT content (207.1 ± 44.5 x 10 9 ) and lower recovery (51.4 ± 8.2%) compared to the CliniMACS Plus (91.6 ± 58.1 x 10 9 , 65.1 ± 15.7%). It is likely that the PLT content at the time of reagent addition was higher than the amount measured in the negative fraction, for both selection approaches, because additional wash steps were performed following reagent incubation. PLTs are thought to interfere with binding of the paramagnetic-bead-bound antibody to target cells [11] , in turn reducing the affinity of target cells for the magnetized column. The LOVO's 4-µm pore membrane is f PLTs in the product prior to reagent addition. This PLT content is less than the negative fraction PLT content for both the CliniMACS Plus and Prodigy in the study by Stroncek et al. It is also important to note that the mPB leukapheresis products processed in this study were shipped to the manufacturing site at refrigerated temperatures. PLTs stored cold have been observed to spontaneously aggregate upon warming [25] , but if this phenomenon occurred, it did not affect the LOVO's ability to filter out platelets.
There are many published studies on CD34 + cell immunomagnetic selection of mPB leukapheresis products from healthy donors. Various groups have investigated different methods for performing the pre-processing wash steps prior to selection on the CliniMACS. More recently, groups have compared manual pre-processing and Clini-MACS selection with the Prodigy's combined, automated preparation
Cumulative CD34 + cell recovery after CD34 + cell immunomagnetic selection of mPB leukapheresis products from healthy donors. 
Percentage of total CD34 + cells in the starting mPB leukapheresis that were recovered in the post-selection positive fraction. Letters indicate type of pre-processing approach used. C: Centrifuge; CM: Cytomate; E: Elutra; L: LOVO; P: Prodigy; S: Sepax. Data is presented as mean ± 1 SD, except for Antonenas et , the manufacturer recommends to use the CliniMACS TS tubing set. The LS (large-scale) tubing set is to be used with products containing >0.6 x 10 9 but ≤ 1.2 x 10 9 CD34 + cells out of > 60 x 10 9 but ≤ 120 x 10 9 WBCs. Schumm et al. found that the LS tubing set resulted in higher CD34 + cell recovery (median: 80%, range: 45-120%), compared to the TS tubing set (median: 72%, range: 27-130%) [19] . The LS tubing set was used in this study, despite the fact that each mPB leukapheresis product contained <0. 6 
CD34
+ cell recovery in the current study with LOVO pre-processing was the highest among the sample of CliniMACS studies shown here (Figure 5) , and may be partially due to the use of the LS tubing set. Except for Hummer et al, who used the TS tubing set [26] , the other studies in the sample did not provide tubing set information. Importantly, Schumm et al. did not observe significant differences in CD34 + cell fraction purity and cell recovery, nor T cell depletion, between the TS and LS tubing sets.
CONCLUSION
Selection of CD34
+ cells may be performed to avoid complications with allogeneic stem cell transplants in standard-of-care treatments, and can also provide a starting population for new HSPC-based cell therapies. The CliniMACS Plus is often used to perform immunomagnetic selection of CD34 + cells from mPB leukapheresis products, which must undergo several washing steps in preparation for selection. These steps are performed to achieve PLT f FIGURE 5
Log T cell depletion after CD34 + cell immunomagnetic selection of mPB leukapheresis products from healthy donors. 
Log reduction of CD3 + cells in the post-selection positive fraction compared to the starting mPB leukapheresis product. Letters indicate type of pre-processing approach used. C: Centrifuge; CM: Cytomate; E: Elutra; L: LOVO; P: Prodigy; S: Sepax. All selections were performed with the CliniMACS, unless labeled as Prodigy. Data with error bars is mean ± 1 SD. reduction, suspension in selection buffer and reduction of excess, unbound beads following reagent incubation. Several groups have evaluated options for automating these steps, but some of these options are no longer available or offer only semi-automated solutions. When performed manually with a centrifuge, plasma extractor and weigh scale, these pre-processing steps may take 4 hours [10, 23] .
This study provides a preliminary, n = 3 investigation of the use of the LOVO Cell Processing System for preparing mPB leukapheresis products from healthy donors for CD34 + cell immunomagnetic selection using the CliniMACS Plus. Priority was placed on processing entire mPB leukapheresis products, rather than splitting the available products to perform technical replicates, in order to assess the LOVO instrument's ability to process relevant cell numbers and determine the total time required. A larger study, ideally one where mPB leukapheresis products could be halved and processed on either the LOVO, then selected using the CliniMACS Plus or processed entirely on the CliniMACS Prodigy, would provide a useful comparison of the two available approaches for pre-selection preparation and CD34 + cell selection. However, given the fairly consistent results, this small study demonstrated applicability of the LOVO for this process. Futhermore, the CD34 + cell recovery, CD34
+ purity, and T-cell depletion from this study were shown to be similar or better than those reported by comparable studies (Figures 3-5) , including those that evaluated other automated technologies.
Use of the LOVO offers several benefits for preparing leukapheresis products for immunomagnetic selection. Unlike manual centrifugation, the LOVO process requires little operator interaction beyond setup and occasional bag manipulation and reduces total pre-selection processing time by several hours over the manual centrifugation approach. The total setup and processing time for the LOVO steps, followed by CliniMACS Plus selection, is also estimated to be ~1.5-2 hours less than that required for the Prodigy approach. With respect to product quality, the LOVO efficiently removes PLTs, reducing the total PLT content prior to reagent incubation beyond the amount that has been correlated with lower post-selection CD34 + recovery. 
